The Anthropocene is characterized by rapid global change, necessitating adaptive governance. But how can such adaptive governance be operationalized? The article offers a three-point argument to approach this question. First, people and environment need to be considered together, as social (human) and ecological (biophysical) subsystems are linked by mutual feedbacks, and are interdependent and co-evolutionary. These integrated systems of humans and environment (social-ecological systems) provide an appropriate unit of analysis. Second, the resilience approach deals with change in multilevel complex systems, and has stimulated much of the adaptive governance literature by addressing uncertainty and adaptation to unforeseen future changes. Third, there is a need to foster collaborative approaches to improve social and institutional learning, as for example in adaptive management, collaborative learning networks, and knowledge co-production. Collaborative learning is perhaps where further research, experimentation, and application might make a difference for operationalizing adaptive governance, with a focus on institutions, at all levels from local to international.
Introduction
Accelerated global environmental change, characterized most notably by climate change and rapid loss of biodiversity, has ushered in a new era. The Anthropocene marks an epoch that began when human activities started to cause significant changes in the earth's biogeochemical cycles and ecosystems [1, 2] . Major changes include scarcity of critical resources, the degradation of ecosystem services and massive shifts in land use [3] . The complexity and magnitude of the problem are revealed by systematic assessments of earth's ecosystems and their ability to support human well-being [4] , and the analysis of planetary boundaries that should not be transgressed [5] . But governance issues regarding these problems have received relatively little discussion in the literature [6, 7] . As identified by the call for papers for this special issue, priorities include governance across levels, adaptive approaches that incorporate learning, and collaborative approaches to assist with learning in a world characterized by accelerated environmental change. Here I explore some considerations related to these priorities.
Global environmental problems do not occur in isolation but tend to be interconnected, sometimes in unexpected ways. Thus, it is useful to conceptualize the global environmental system as a complex adaptive system [8, 9] , one that has a number of attributes not observed in simple systems. A simple system can be adequately described using a single perspective and a standard analytical model, such as Newtonian mechanics, but a complex adaptive system cannot. Rather, complex systems can be characterized by scale effects, nonlinearities and tipping points, inherent uncertainty or unpredictability, the adaptive in adaptive governance. As Chaffin et al. have shown, adaptive governance has largely been an outgrowth of the search for ways of managing uncertainty and complexity in social-ecological systems [7] . Third, given that many of our conventional environmental governance systems seem to lack learning capacity, there is a need to highlight and foster collaborative learning towards improving adaptive governance. The paper highlights some selected collaborative learning approaches, including adaptive management, and argues that improving practices of collaborative learning is necessary for integrative understanding towards operationalizing adaptive governance.
Social-Ecological Systems and Commons Institutions
Focusing on the ability of ecosystems to support human needs, the Millennium Ecosystem Assessment was the first comprehensive scientific stock-taking at the global level [4] . The MA examined the world's various ecosystems and the services that they provide for human well-being. Ecosystem services are defined as the benefits people obtain from ecosystems, including provisioning services (such as food and water), regulating services (such as flood control and waste assimilation), cultural services (such as recreational and spiritual values), and supporting services (such as photosynthesis and nutrient cycling) [4] . The work of the Millennium Ecosystem Assessment has been extended by IPBES, the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, and some of these terms and concepts are under revision [26, 27] .
The examination of the relationship between ecosystem services and human well-being can be carried out in a variety of ways, including the approaches used in MA [4] and in a variety of other studies. The approach we have been using starts by applying the term social-ecological systems as an integrated perspective of humans-in-nature, and considers these integrated systems of humans and environment as the basic unit of analysis [18, 28] . The intertwined nature of social-ecological systems means that they operate within the biosphere as embedded parts of it, and co-evolve with and depend on it [24] . The social (human) and ecological (biophysical) subsystems each consist of multiple levels. For example, a small watershed is part of a river system which may in turn be part of a larger watershed. Similarly, a set of institutions may be nested in one another, from local resource user associations to regional and national ones. In the Spanish huertas analyzed by Ostrom, institutions of irrigators were organized on the basis of three or four nested levels that corresponded to local, regional, and national governmental jurisdictions [20] .
The social subsystem incorporates economics, politics, history, and ethics (including worldviews). It probably does not include health, as health is often a characteristic of the full social-ecological system-indigenous Australians had it right all along: "healthy country, healthy people" [29] . Social-ecological health also captures Aldo Leopold's land health [30] . Here we use the term social-ecological, rather than socio-ecological, because social-ecological emphasizes that the two subsystems are equally important, whereas socio-is a modifier, implying a less than equal status of the social subsystem.
Thus, social-ecological systems are integrated complex adaptive systems in which social and ecological subsystems are coupled and interdependent, each a function of the other, expressed in a series of mutual feedback relationships [18, 31] . The links between the social and the ecological subsystem may include knowledge, such as local and indigenous knowledge held by resource-based communities, or scientific knowledge held and used by government resource managers. Institutions, which are the rules and norms that mediate how humans interact with one another and the environment, or rules-in-use, provide a key link between the social group and its resource base [20] . Governance provides a broad and comprehensive link between social and ecological subsystems, as it includes management and policy levels [32] .
The social-ecological systems approach considers institutions and governance as an integral part of the ecosystem, not separate from it. For example, the governance of a fishery cannot be separated from the fish, as management affects the supply of fish, and the fish population levels in turn shape the management measures that may be taken. Connectivity may be complex. A particular social-ecological system, for example, the sea urchin fishery in Chile, may suffer the impacts of a driver far removed spatially, for example, the sushi market demand in Japan [33] -a phenomenon that Young refers as telecoupling [11] . Similarly, the ecosystem services provided by a forest are profoundly influenced by the institutions that govern their use. The forest may provide provisioning services such as fuelwood and non-timber forest products for a local community, or regulating services such as flood control for an urban area, or cultural services such as recreation, or supporting services such as photosynthesis and nutrient cycling for the larger ecosystem. Often, a forest is managed to provide not one kind of service but a mix of ecosystem services.
The use of a commons, such as the forest in the example above, under open-access or free-for-all conditions, almost always leads to unsustainable outcomes, as is well-known in the commons literature. Commons can be used under private property or state-property or common-property regimes, or mixes thereof. All three regimes, as well as mixed regimes such as co-management [34] , are theoretically viable [22, 35] . State-property relies on government regulations and top-down decision-making. Private property relies on market mechanisms and makes sense for certain kinds of resources such as agricultural land, in which the owner can control access and internalize the costs of subtractability [19] . Common-property makes sense for resources and ecosystem services which are, by their nature, shared. The sustainable use of ecosystem services for human well-being from such shared resources often requires institutions for collective action and collaborative decision-making [20] . Reliance on top-down state management or purely market solutions tends not to work.
Institutions for commons governance are not found at just one level but at multiple levels of organization from local to global, and these levels tend to be linked. Some of these levels and their linkages seem to be understudied [6, 36] . Because of the high profile of global environmental issues in the Anthropocene, the planetary level has received a great deal of attention [2, 5] , often to the neglect of other levels of organization. This creates a problem in understanding linkages, as institutions at various levels cannot function in isolation but need to work together in a coordinated way [22] . Where connectivity in the social-ecological system involves telecoupling, as in climate change where greenhouse gases generated mainly at mid-latitudes results in thinning Arctic sea-ice, regulatory coordination can be even more problematic [11] .
For example, international treaties are probably necessary but insufficient for the reduction of greenhouse gases, even if the major nations involved cooperated and coordinated fully. Nor it is possible to reduce greenhouse gases simply by trying to regulate emissions at the national level and/or using market mechanisms by introducing carbon pricing. New rules, incentives, and practices leading to greenhouse gas reduction are needed at local and regional levels as well. Such action may include, for example, the use of renewable energy, appropriate urban design, increased use of renewable energy, policies to encourage more extensive use of public transportation, making residential and industrial heating more efficient, stimulating energy-efficiency in industrial production, and use of sustainable agriculture and sustainable forestry principles. National policies to develop and use renewable energies need to be supported by municipal level regulations and incentives to facilitate them and by the willingness of citizens to use them [37] . Solutions for sustainability need to engage institutions at multiple levels, from local to global.
Social-Ecological System Resilience and Scale
The implication of these considerations is that promoting governance for sustainability requires multilevel, integrative, and interdisciplinary research and action, with attention to both the ecological and the social subsystems. The resilience of the social-ecological system is an important consideration: it refers to the ability of the system to respond to stresses and shocks while maintaining system identity and main system functions [38] . A resilient social-ecological system has the ability to respond to perturbations while preserving the functioning and identity of the system. In general, resilient systems have the ability (1) to absorb shocks and stresses, (2) to self-organize, and (3) to learn and adapt [10] .
Thus, resilience thinking introduces a dynamic element into sustainability and helps operationalize the adaptive element of adaptive governance. In practical terms, resilience is about options and flexibility is forward-looking. For example, a resilient social-ecological system may have a high diversity of landscapes, native species, and crop species and varieties, as well as a diversity of economic opportunities and livelihood options for its inhabitants. Ostrom's notion of crafting institutions is relevant here: new institutions come about more readily if there is a diversity of existing institutions [35] . Such diversity and abundance of options provide a built-in ability to buffer change or to adapt to change. Nevertheless, until change actually occurs, there is no easy way to determine beforehand if the system can cope with that change or adapt.
The notion of ecological resilience started with Holling in 1973 [39] ; however, social-ecological resilience did not become a commonly used concept until the 2000s [40] . In recent years, resilience has become a central concept in sustainability science because it is probably the most commonly used theory of social-ecological change, in a variety of contexts from international development to climate change adaptation [40, 41] . In fact, Brown defines resilience broadly as the ability to successfully deal with change [42] . Conceptualizing resilience as an ability is a useful way to deal with change, adaptation, and transformation.
A relatively small perturbation in a social-ecological system typically triggers short-term or coping responses. However, if this coping or absorptive capacity is exceeded, individuals and communities would then exercise their adaptive resilience. Long considered the core of resilience, adaptive capacity refers to the ability of the social-ecological system to learn and to adjust its responses to the impacts of external drivers and internal change. The system undergoes change while still retaining its system identity-function, structure and feedbacks [38] . However, if the changes are so large that they overwhelm the adaptive capacity of the system, the response is no longer incremental but it becomes transformative. The system no longer retains its identity; it has been transformed. Such changes involve shifts in the nature of the system, such as when a household adopts a new way of making a living, or when a coastal region may move from a fishing economy to a tourism-based economy [43] .
Transformative changes may involve institutional change, technological innovation, behavioral shifts, and cultural change. They often entail a questioning of values, beliefs, and assumptions [44] . Transformability is understood as the ability to create a fundamentally new system when ecological, social, and economic conditions of the old system are no longer tenable [45] . Brown considers absorptive capacity, adaptive capacity, and transformative capacity as the three dimensions of social-ecological resilience [42] . As Béné et al. point out " . . . resilience emerges as the result of not one but all three of these capacities, each of them leading to different outcomes: persistence, incremental adjustment or transformational responses," and these different responses can be linked to an intensity continuum of shocks and stresses [44:601] . In the examples above, we are referring to social-ecological resilience [28] , as resilience is a property of the system as a whole, and not only of the social or the ecological subsystem alone.
Social-ecological resilience thinking recognizes the nested character of social-ecological systems, and introduces the notion of panarchy (embedded scales = pan-archies) to deal with the challenge of connectivity across the various levels of the system [10] . Initially modelled after the dynamics of boreal forests, each cycle is depicted as a reclining figure eight, representing the adaptive cycle of the forest as it goes through stages of growth, maturity, disturbance/release, and reorganization. Essentially, Gunderson and Holling were arguing that social-ecological system dynamics can be approached heuristically as nested sets of adaptive cycles, with dynamic interactions occurring among large (and therefore slow) cycles and small (and therefore fast) cycles [10] .
This model works well with many ecological systems but has not been taken up by many scholars for the analysis of institutions or social-ecological systems in general [46] . There may be several reasons for this. For one, social scientists tend to be wary of deterministic models, emphasizing agency instead [47] . For another, panarchy assumes nested systems where the levels are distinct, but in real life they often are not. For example, a monolithic national level hides the fact that they often are agencies and groups within the national level that may well have very different kinds of interactions with other levels [48] . As well, a particular change process does not necessarily involve all levels and may actually skip some. For example, pandemics can move swiftly across levels while skipping some, going from individuals to communities and then directly to outbreaks far away, or they may jump laterally from one set of communities to another set on a different continent [49] .
Much of the literature dealing with linkages in multilevel social-ecological systems does not use the panarchy idea. Rather, the literature often uses polycentric systems characterized by multiple and overlapping jurisdictions at different levels [50] . Polycentric systems often have several governing authorities, rather than a single one. It has been argued that these types of systems are well suited for the governance of dynamic natural resources due to their adaptability, and for their self-organizing and learning capacity [23, 51] .
As well, the literature uses the notion of interplay of levels, with horizontal and vertical linkages [13] , often in the form of networks. For example, in the Arctic small whale management example of Armitage et al. [34] , horizontal and vertical linkages indicate how the co-management system is structured. In the Swedish biosphere reserve case of Olsson et al. [52] , a sketch of the main networks indicates the structure of collaborative problem solving. The choice of specific linkages and network structures is significant for showing how learning-by-doing can be approached toward adaptive governance.
Collaborative Approaches toward Adaptive Governance
Complex global environmental problems cut across governance levels, and therefore a governance approach that relies on demarcations by jurisdiction or sector is not a good fit. Furthermore, accelerated global change in the Anthropocene calls for approaches that are problem-oriented, flexible, and that involve experimenting with policies and reflecting on the consequences. In addition to considerations for democratic decision-making, there are a number of reasons for using collaborative approaches, including the inadequacy of conventional science and management in the face of uncertainty, and the increasingly wicked nature of global environmental issues that makes the role of the objective expert almost obsolete [53] .
Conventional science and environmental management are appropriate when uncertainty is low and controllability is high (as in laboratory systems) and the rate of change is slow. As conventional science and management are based on assumptions of equilibrium and controllability, conditions of high uncertainty and low controllability call for some other approach-adaptive management [54] . Adaptive management relies on experimentation and learning, and may be best thought of as a cycle similar to planning cycles used in urban planning, parks planning, and other areas.
Adaptive management ideas have been applied to resource and environmental co-management, the idea of sharing management power and responsibility between the government and local resource users [48, 55] . Co-management has a time dimension, as sharing power and responsibility requires many adjustments and time to mature [16] . Such time-tested co-management that incorporates learning becomes adaptive co-management that combines learning and collaboration features [34] .
Adaptive management, adaptive governance, and adaptive co-management are about ongoing processes, not a search for some optimal solution to one problem. Adaptation is a problem-solving process, whereby priority is given to communication, perspective sharing, social learning, negotiation, and the development of adaptive collaborative strategies for moving forward. An ongoing planning cycle makes it possible to respond to changing conditions, and allows for learning to be captured and incorporated into subsequent rounds of problem-solving, especially in situations in which uncertainty is high.
Ludwig extends the uncertainty argument further by pointing out that many of our global environmental problems such as climate change fall into the category of wicked problems, those with no definitive formulation, no stopping rule, and no test for a solution [53] . Such problems do not lend themselves to resolution by the conventional scientific approach of defining objectives, devising experiments to address the problem, collecting relevant data, and making decisions based on these data. That is because there is too much uncertainty and targets keep shifting, making it necessary to keep redefining the issues.
Further, these wicked problems tend to be societal problems, rather than technical problems. They cannot be separated clearly from issues of values, equity, and social justice. Thus, the notion of value-free science is no longer relevant, and there no longer is an objective expert who can be relied upon to deliver a solution. Hence, a new kind of approach must be created through a process whereby researchers, managers, and stakeholders together define and redefine the questions, use a mix of study approaches, and deliberate on the relevant evidence [53] -the essence of sustainability science [56] .
There are various kinds of collaborative or cooperative approaches toward adaptive governance. To the extent that a diversity of actors is involved in the process (rather than only experts), adaptive management is one of them. Co-management and adaptive co-management are, by definition, collaborative approaches. There are many kinds of adaptive collaborative strategies that involve or facilitate learning-by-doing, experimenting with policy options and reflecting on the outcomes. Here I mention two of them: knowledge co-production and use of problem-solving collaborative networks.
Knowledge co-production has many definitions; for our purposes, it is the collaborative process of bringing a plurality of knowledge sources and types together to address a defined problem [57] . It can be expressed as the multiple evidence base approach [58] , emphasizing the advantages of combining different kinds of knowledge to approach problems. It may involve participatory research-learning together to co-produce knowledge. More broadly, it may involve emergent dialogue, whereby the meaning and value of information is co-created among the various interests.
The examples used by Armitage et al. are cases of combining indigenous knowledge with western science to solve co-management problems in the Canadian North [57] . The James Bay, Quebec, Canada, co-management case is similar in that it involves combining local indigenous and scientific knowledge to understand the impacts of hydroelectric development on resources and the environment. In this particular case, however, successive cycles of knowledge co-production resulted in broadening the scope of collaborative problem solving, going from local resource issues to understanding ecosystem processes, and from involving a small group of observers to multiple actor processes [59] .
Learning-as-participation seems to be the key mechanism, resulting in increasing levels of trust, along with the ability to tackle increasingly more complicated and larger-scale problems [55] . Knowledge co-production is, of course, not restricted to indigenous knowledge cases. In Lake Racken, Sweden, a key individual in the community detected acidification before the government monitoring program started. Combining local observations with science, the community moved from the acidification issue to lake ecosystem management, restoring and managing viable populations of crayfish and trout [60] . Lake Racken fishing associations shared information with a circle of some 23 other local fishing associations. With experimentation and learning in each of these nodes, social networks located at multiple centers resembled polycentric governance. Shared knowledge through networking, combined with experimentation, created a diversity of experience and ideas that stimulated innovation, created feedback loops, and made it possible to deal with new problems [59] .
The Swedish biosphere reserve (Kristianstads Vattenrike) case of Olsson et al. similarly shows a network approach to collaborative problem solving [52] . A new network was created over a period of time using some of the elements of three then-existing actor networks in the biosphere reserve: naturalist groups involved in bird conservation, groups concerned with cultural heritage, and those concerned with water quality. The new network was able to connect institutions and organizations, facilitating information flows, identifying knowledge gaps, and creating nodes of expertise relevant to ecosystem management. Olsson et al. emphasized the importance of leadership in the formation of vision and goals, and the role of bridging organizations that served to connect local actors with other organizational levels [52] .
The network was a multilevel arrangement particularly appropriate for solving problems of complex adaptive systems: it enabled experimentation, knowledge generation, and social and institutional learning. It coordinated interactions among a range of actors at different levels, with a diversity of experiences and ideas for solving new problems. It nurtured sources for renewal and reorganization (in the resilience sense), and thus increased the capacity to deal with uncertainty and change. It also served to store social memory for ecosystem management, reviving and revitalizing memory in the reorganization phase of the adaptive cycle following change.
Collaborative networks are found in a variety of settings, for example in conservation-development projects [15] . Each of the ten community-based enterprises involved in conservation-development projects analyzed by Seixas and Berkes showed a network structure [61] . Networks involved communities, various levels of government agencies and a diversity of non-governmental organizations serving various support functions, with a total of some 10 to 15 partners per case among projects recognized for their success in combining local development with conservation. Partners provided a range of services and support functions: raising funds; institution-building; business networking and marketing; innovation and knowledge transfer; technical training; research; legal support; infrastructure; and community health and social services [15] .
Conclusions
Environmental governance for sustainability, using principles and concepts from the broader area of commons, is a key part of addressing the 21st century challenge of planetary stewardship. Commons institutions are key players in enabling multilevel governance and local participation in decision-making. How do we bring governance closer to the people whose livelihoods are affected by these decisions? The mix of regimes to manage local, regional, and global commons cannot simply be the state-property and the private-property regime [22] . The mix needs to include common-property regimes, so that local people and institutions have a say in decisions and a chance to use their local and traditional knowledge to foster adaptive governance.
To recap the three-point argument to address the question of operationalizing adaptive governance, (1) people and environment need to be considered together as social-ecological systems used as the unit of analysis; (2) resilience, which deals with change in multilevel complex systems, is appropriate for the analysis of scale issues and the adaptive in adaptive governance; and (3) there is a need to foster collaborative approaches to improve learning for adaptive governance. I am suggesting that these concepts are part of the fundamentals of adaptive governance. All three are commonsense concepts and the terms come from everyday language, not from some esoteric or technical field. But operationalizing adaptive governance is something else again, and the devil is in the governance details.
First, using social-ecological systems as the unit of analysis is perhaps obvious, but it requires a shift in conventional governance practice, eliminating the divide between those governing and those being governed-and also eliminating artificial disciplinary divides. Adaptive governance scholarship arises largely out of the social-ecological resilience literature, but without doubt there still is progress to be made [7] .
Second, adopting resilience thinking is another necessary challenge. Sustainability means not only achieving environmental, economic, and social objectives but also the ability to deal with uncertainty to adapt over time to unforeseen future changes. This requires attention to the multilevel nature of global issues. A number of planning approaches exist for adaptation under uncertainty [62] . The resilience approach seems to be one commonly used in a number of areas, from resource management to international security [40] .
However, all concepts have limitations. Resilience is not the one-stop solution to all matters of change and adaptation. Like sustainability, resilience is a normative concept involving value judgments and social norms, and not all resilient systems (e.g., ongoing crime in urban core) are desirable [63] . Resilience thinking can be thought of as a supplement, and not a replacement, for the analysis of power and the historical and cultural contexts within which sustainability policies may be negotiated among stakeholders and levels of governance [44] .
Third, perhaps the most important lesson of resilience thinking, and adaptive governance thinking in general, is the need for ways to improve learning and adaptive capacity. Social and institutional learning is a key issue and an area of dynamic research and application. Adaptive management has informed adaptive governance and adaptive co-management. Knowledge co-production and network learning approaches are but two of what must be a nearly unlimited number of possibilities to improve social learning for governance. The integration between social-ecological systems perspective and resilience thinking is excellent, but not with collaborative learning-and that is perhaps where further research, experimentation, and application might make a difference for operationalizing adaptive governance.
Much of the learning literature, with the exception of adaptive management, does not translate well at present into governance. Similarly, the literatures on social learning and transformative learning do not cross over much to governance. For example, the multilevel governance literature [6] overlaps very little with the co-management literature [34] . What moves and motivates people and communities? What are the conditions conducive to collective action? That is the science of the particular, and the experience in dealing with local institutions and the grassroots resides with the commons [20, 35] and the co-management literatures [17, 48] . Assuming that adaptive governance is multilevel, the starting point cannot be the planetary level; it has to start from the ground up and be carried out simultaneously at all levels. Thus, operationalizing adaptive governance requires learning from, and improving on, practices of collaborative learning, with a focus on institutions at all levels from local to international.
